Introduction
[2] It has long been recognized that Pi 2 pulsations (damped pulsation bursts with periods between 40 and 150 s) are associated with substorm expansion onset [Baumjohann and Glassmeier, 1984; Rostoker et al., 1980; Saito et al., 1976] . Numerous studies have shown that Pi 2 pulsations can be detected with little time delay (1 -3 min) from the expansion onset over a wide range of latitude and longitude [Uozumi et al., 2000; Yumoto, 2001] . This characteristic makes Pi 2 bursts a useful marker of substorm onset (see review by Yumoto [1986] ). Since Pi 2 pulsations are predominantly a nighttime phenomenon [Jacobs and Sinno, 1960; Yeoman et al., 1994] , and each substorm expansion onset is usually accompanied by a Pi 2 pulsation burst, the source of Pi 2 pulsations seems to be located within the near-Earth magnetotail.
[3] In recent years, a better understanding of high-latitude Pi 2 has been obtained. These pulsations can be explained by transient hydromagnetic waves generated at substorm expansion onset [Baumjohann and Glassmeier, 1984; Southwood and Hughes, 1985] . They are closely associated with the formation of the substorm current wedge [Lester et al., 1984] . However, there is still uncertainty about the development of midlatitude and low-latitude Pi-2. More recent observations and numerical modeling support the cavity resonance model for generation of low-latitude Pi 2 events [Allan et al., 1996; Sutcliffe and Yumoto, 1989; Yeoman and Orr, 1989] . Recently, it has been suggested by Takahashi et al. [1995] that midlatitude (2 < L < 5) Pi 2 originated from a cavity resonance with a node in the compressional component located near L = 4. An interesting question raised by this suggestion is as follows: What is the source of energy that excites the cavity?
[4] All Pi 2 models postulate an initial driving force, which comes from magnetotail to the inner magnetotail [Takahashi et al., 1995; Yeoman and Orr, 1989] . It has been suggested that compressional pulses generated by flow bursts in the tail are the cause of the midlatitude Pi 2 pulsations [Kepko and Kivelson, 1999; Kepko et al., 2001; Shiokawa et al., 1998a] . Bursts of convection have been observed in the tail and are called ''bursty bulk flows'' (BBFs). A BBF is defined as a transient high-speed flow that has short duration ($10 min) bursts of high-speed flow superimposed on an elevated background flow [Angelopoulos et al., 1992b [Angelopoulos et al., , 1994 . BBFs are considered to be possible signatures of magnetic reconnection and, if so, indicate that reconnection is a transient phenomenon in the near-Earth plasma sheet.
[5] In this study, we use International Sun Earth Explorer 2 (ISEE-2) fast plasma experiment (FPE) flow measurements [Bame et al., 1978] and magnetometer data from the Institute of Geological Science (IGS) chain [Stuart, 1982] and the Air Force Geophysics Laboratory (AFGL) chain [Kenecht et al., 1979] to investigate the possible relation between plasma flow bursts and midlatitude Pi 2 pulsations.
Data Presentation
2.1. Substorm Onsets 2.1.1. AL Onsets
[6] A substorm onset timing procedure has been proposed by McPherron [1998, 2002] . This procedure scans the AL index for any possible enhancement of the westward electrojet which, based on the observations reported by Akasofu et al. [1965] , is known to be correlated with the auroral expansion. The criteria used for visual selection of a substorm onset from the AL index time series were the following: [7] (1) A negative bay and a sudden change in slope in the AL index are necessary for selecting an event.
(A negative bay means a negative perturbation in the AL index, and a sudden change means an enhancement in the rate of decrease of AL.) The duration of the negative bay must be longer than 20 min.
[8] (2) For a negative bay event to be selected, the minimum AL must be lower than À100 nT.
[9] (3) If the time duration of a disturbed interval is longer than 3 hours, we select more than one onset if there is more than one sharp break in slope followed by a second minimum in AL.
[10] An example of timing using the AL index is presented in Figure 1 . Using an interactive program, we plotted successive 7-hour panels with 2 hours of overlap. We visually scanned the AL index for times of sudden changes to a more negative slope. The time of a sudden change is chosen as the onset time of a substorm. In the top panel of Figure 1 , there is a sudden break in slope of AL shortly after 0600 UT that might qualify. However, because this event lasts only 15 min, we reject this as a substorm event. In contrast, the sharp change at 0133 UT satisfies the three criteria and this event was selected.
[11] In the interactive program, different phases of the substorm were identified when possible. The growth phase [McPherron, 1970 [McPherron, , 1972 , expansion phase, and recovery phase [Akasofu, 1964 [Akasofu, , 1968 were selected by using obvious features from plots of the AU and AL indices. These codes are defined in Figure 1 where we use ''b'' (beginning), ''o'' (onset, sharp break of AL), ''r'' (recovery, usually the minimum of AL for an event), and ''e'' (end, usually at the quiet background AL value) to define the beginning and ending of a substorm or the start of the expansion and recovery phases.
Pi 2 Onsets
[12] Pi 2 geomagnetic pulsations are impulsive, damped oscillations of the geomagnetic field in the period range 40-150 s. It has been well established that every major substorm onset is accompanied by a midlatitude Pi 2 burst [Olson, 1999; Saito et al., 1976; Yumoto, 2001] . The use of Pi 2 bursts has several advantages over auroral and main field magnetometer observations including continuity of recording, sharper onsets, more global onsets, and independence from weather conditions. However, most pseudobreakups and intensifications also have a corresponding Pi 2 burst [Rostoker et al., 1980] . Unfortunately there is no obvious difference between the various Pi 2 pulsation bursts occurring in a single substorm.
[13] With high time resolution digital data, the onset time of a Pi 2 burst can be as accurate as 1 -2 min. However, since there are no obvious differences between Pi 2 bursts, the selection of a specific Pi 2 onset as the ''main'' Pi 2 may be impossible if only the Pi 2 data are used. While the AL index is not accurate in substorm timing, it is relatively good at representing the overall nature of activity in the auroral region. Thus in order to take advantage of the AL index as well as Pi 2 pulsation bursts, we combine these two phenomena in selecting the ''main'' substorm onset.
[14] The main Pi 2 onset is defined as the beginning of the Pi 2 burst that is closest in time to the AL onset. This definition has two advantages. First, an AL onset implies a global ongoing energy release in the auroral region. It is very likely that the energy deposited in the auroral zone comes from the energy stored in the tail and therefore changes are occurring there as well. Thus this suggests a global change both in the tail and on the ground consistent with the definition of a magnetospheric substorm onset. Second, the timing of a Pi 2 pulsation burst is much more accurate (1 -2 min) than the AL index. This procedure has been shown to organize global transitions of the tail as well [Hsu and McPherron, 1998 ].
Onset List
[15] Using the procedure described in the previous section, we have scanned the AL index during the spring of 1978 and 1979, during which ISEE-2 was in the tail. The original substorm list contained about a thousand events timed only by the AL index. From this list, we selected a subset of 462 events, which have been more precisely timed with Pi 2 data from the IGS and AFGL chain. With this set of 462 events, we use magnetic and plasma data from ISEE-2 to investigate the relation between ground observations and the tail during substorm expansion onsets.
IGS and AFGL Pi 2 Data
[16] Pulsation data were obtained from magnetometer arrays operated by the IGS and by the AFGL. Stations in the IGS array were distributed in longitude and latitude through the British Isles and Scandinavia with latitudes between 50°N and 70°N and longitudes ranging from 30°E to 30°W. The AFGL array consisted of seven observatories distributed across the USA at nearly constant geomagnetic latitudes of 55°N and 40°N. To more easily identify Pi 2 pulsations, a Chebyshev band-pass filter (40 -150 s passband) was applied to the IGS data at 2.5-s resolution, and to the AFGL data at 1 s. The filtered data from seven stations of a given array were then plotted and visually inspected for Pi 2 pulsations. If at least three stations displayed an enhancement of Pi 2 power above the background noise, all starting at nearly the same time, then this time was recorded as the start of a Pi 2 burst event. It is not unusual to find 6 -7 Pi 2 bursts in a single substorm event. Therefore we defined the main Pi 2 onset as the one which minimizes the delay with respect to the most prominent AL onset (sharp break in slope). Figure 2 is an example of one of the selected events. At least two Pi 2 events can be identified in this event. The first event denoted by the vertical dashed line is relatively strong and occurred nearly simultaneous with the AL onset, while the second one at 2200 UT is much weaker and considerably delayed relative to AL sharp break. Since the first Pi 2 burst is the nearest to the AL sharp break, we identify this Pi 2 as the main onset of this substorm.
ISEE-2 FPE Data
[17] ISEE-2 FPE data are used in this study to investigate the relation between Pi 2 pulsations activity and plasma flow bursts. The FPE experiment measured the ion distribution function in the range of 0.07-40 keV. The twodimensional ion flow measurements were made in the equatorial plane of the spacecraft (roughly Ground Support Equipment [GSE] ) coordinates at 12-s resolution.
ISEE-2 Position in the Tail at Substorm Onsets
[18] In a case study, Sergeev et al. [1995] showed that Pi 2 pulsations, geosynchronous injections, and BBFs are associated with magnetotail reconnection. It has also been suggested by recent work that acceleration phenomena in the midtail (|X| = 15 -30 R e ) are localized during the expansion and recovery phases Nakamura et al., 2004; Ohtani et al., 1992; Sergeev et al., 1995] . Previous works [Hones and Schindler, 1979; Hones, 1979] have shown that signatures consistent with a nearEarth neutral line typically occur in a region defined by X GSM < À15, |Y GSM | < 7, |Z À Z ns | < 3 R e , in which X, Y, Z, and Z ns are in the GSM coordinate system and Z ns is the nominal position of the neutral sheet in the tail. It is thus important to consider the spatial extent of BBF detection if plasma flow bursts are the cause of Pi 2 pulsations. In this study, we focus on the region originally suggested by Hones and Schindler [1979] and Hones [1979] to examine the relation between plasma flow bursts and Pi 2 pulsations.
[19] Figure 3 shows the position of the ISEE-2 spacecraft at the times of the 462 substorm onsets identified with Pi 2 data from the IGS and AFGL chain. The dashed parabolic lines are the nominal magnetopause position for three different solar wind dynamic pressures. In the bottom left panel, a Z-Y cross section, we plot the nominal plasma sheet position for reference. The shaded region is the probable location for the formation of near-Earth x-lines. Only 48 events occurred while the spacecraft was within the putative X-line region. These 48 IGS Pi 2 events provide the statistical basis of our study investigating the relation between Pi 2 pulsations and plasma flow bursts.
Examples of the Association Between Pi 2 Pulsations and Plasma Flow Bursts
[20] In this section, we present several events which show a close association between plasma flow and Pi 2 pulsations. In the next section, we present statistical evidence substantiating the association suggested by these examples.
A Substorm Event With ISEE-2 Inside the Putative X-Line Region
[21] Studies of plasma sheet flows made prior to the ISEE era established that in the plasma sheet, both earthward and tailward flows are occasionally associated with substorm onset. The near-Earth neutral line model was developed to explain these flow observations, as well as the changes in magnetic field known to occur at this time. The fact that flows are not seen at every onset was attributed to localization of the flow channel, or the location of the x-line, rather than absence of flows at onset [e.g. Baker et al., 1996; Hones and Schindler, 1979] . Indeed, recent studies have suggested that the magnetotail flow bursts may be very localized [cf. Baker et al., 1996; Nagai et al., 1998b; Nakamura et al., 2004] . Therefore if a spacecraft is not in a good position at the right time, the flows expected from neutral line formation may not be observed. To examine whether reconnection occurs at substorm onset, we use our substorm list to examine the region where such flow bursts have been seen in the past [Hones and Schindler, 1979; Nagai et al., 1998a Nagai et al., , 1998b . In particular, we look for the distinctive feature of a near-Earth x-line, tailward flow with southward B z . Addi-tionally, the typical position of X-line formation is at about À20 to À25 R e [Nagai et al., 1998a] so ISEE with apogee at $22 R e should observe some tailward flows. If we assume the Alfven velocity is 1000 km/s, the plasma flow can arrive at the Earth within $2 min, which may be a reference time delay for this study.
[22] As mentioned above, only $1/10 of our substorms (48 main Pi 2 onsets) occurred when the spacecraft was in this putative X-line region. However, within this region, plasma flows were quite common. An example of flows possibly created by a near-Earth neutral line is presented in Figure 4 . The top panel shows the AL index during this substorm event. The bottom three panels show the envelopes of horizontal Pi 2 power derived from the filtered horizontal components of the magnetic field at three stations in the IGS chain. It is apparent that at least three Pi 2 bursts occurred in the interval shown. It should be remembered that in our event selection, we required that three or more stations detect Pi 2 activity for the disturbance to qualify as a Pi 2 onset. The event at 2207 UT was selected as the main Pi 2 onset for this event because of the associated sharp break in the AL index.
[23] At the time of each of these Pi 2 onsets, ISEE-2 crossed the neutral sheet as can be seen by changes in sign of the B x component (middle panel). The first two Pi 2 bursts are clearly associated with strong tailward flows (V x $ À500 km/s) and southward B z . The third burst began with tailward flow and southward B z , but quickly evolved to Figure 2 . An example of substorm onset timing with Pi 2 pulsations and AL index. These IGS station observations are organized from the highest latitude to the lowest latitude [see Stuart, 1982] . There is only one clear Pi 2 burst throughout the chain which occurs at 2140 UT. A second Pi 2 can be seen at 2200 UT in the second panel but cannot be seen in the other stations and therefore is dropped. The vertical line indicates the onset of the first Pi 2 pulsation. earthward flow with northward B z . Two of the flow bursts are associated with a strong B y component.
[24] These signatures are consistent with the idea that an x-line initially formed earthward of the spacecraft, and then moved tailward of the spacecraft creating bursty flows as it moved. Note the plasma pressure (Pi in the sixth panel) dropped out and recovered during this interval demonstrating that the plasma sheet must have been exceedingly thin in this region. All of these data suggest that the x-line is far more complex, localized, and dynamic than shown in most cartoon models of the near-Earth neutral line (NENL) model [e.g., Hones, 1977; Runov et al., 2003] .
[25] To determine how frequently such events occur, we performed a quick survey of the plasma flows associated with all 48 events observed in the putative x-line region. In this survey, we used the following criteria:
[26] . Only a small time window ± 5 min around Pi 2 onset is considered.
[27] . A flow event is counted if the flow burst magnitude is higher than 100 km/s.
[28] . A tailward (or earthward) flow event is assigned if the time duration of the tailward (or earthward) flow is more than 3 min.
[29] . If a flow event occurs, a further classification of the B z polarity with the plasma flow direction (earthward or tailward) was made.
[30] . Using these criteria we classified four types of plasma flow events:
[31] NENL type (V x < 0 with B z < 0) Table 1 . About one fifth of all events were associated with tailward flow and southward B z . Earthward flow and northward B z accompanied another one third of the events. Together, over half of the events were consistent with a neutral line signature. A small fraction of the events in this region were associated with signatures that are more consistent with ion streaming in the plasma sheet boundary layer, which has relative high value ($0.7-0.8) of ðṼ ÁBÞ=ðjṼ j Á jBjÞ. Only one third of the events had no associated flow.
[36] For most of the events inside the putative X-line region, we are able to observe plasma flow and found that most of the plasma flow events are closely associated with Pi Figure 3 . Location of ISEE-2 at times of Pi 2 main onsets. The symbols +, o, and * represent events which falls into X GSM > À10 R e , À10 R e < X GSM < À15 R e , and À15 R e < X GSM < À25 R e , respectively. The dashed parabolic lines are the nominal magnetopause position based on different solar wind dynamic pressures [Howe and Binsack, 1972] . In the Z-Y cross-section plot, we plot the nominal plasma sheet position with different estimated plasma sheet thickness at X GSM = À20 R e [Hammond, 1993; Hammond et al., 1994] . The shaded region is a putative X-line region defined as À22 < X GSM < À15 R e , |Y GSM | < 7 R e , and |Z GSM À Z ns | < 3 R e in which Z ns is the nominal neutral sheet position [Hones and Schindler, 1979; Nagai et al., 1998b] . 
Tailward Flow Accompanying Pi 2 Pulsation Bursts
[37] Figure 5 presents two examples of apparent tailward flow associated with Pi 2 pulsation bursts recorded by the AFGL magnetometer chain. In the top panel, a single flow burst with |V x | $ 400 km/s appears to be associated with the 0951 Pi 2 burst. Another Pi 2 burst starting at 0958 followed the first. There is no significant flow associated with the second Pi 2 burst except for a small fluctuation whose magnitude is about equal to the noise level $100 km/s. The bottom panel shows two tailward flow bursts each followed by enhanced Pi 2 activity. The second Pi 2 at 1223 is associated with a very high tailward flow speed of about 700 km/s, while the first one at 1205 is associated with a slower speed of about 350 km/s. There is another possible third Pi 2 perturbation occurring at 1231 that is associated with a strong earthward flow speed of about 500 km/s with sudden northward B z . However, the possible 1231 Pi 2 does not distinguish itself from the background noise level and thus is not regarded as a Pi 2 pulsation. In both examples, the spacecraft was located relatively close to the nominal neutral sheet, and the plasma and field variations are those expected for an x-line earthward of the spacecraft, i.e., tailward flow threaded with southward B z . The plasma beta in both examples was about or above 1.0 suggesting these plasma flows were well within the plasma sheet. The only exception is the 0958 Pi 2 event in the top panel. The spacecraft may not have been in the central plasma sheet because the plasma beta was only about 0.6, a value typical Figure 4 . This figure shows the association of tail flows with the plasma pressure, tail magnetic data, and ground observations. From the top down, the panels include: AL index, flow velocity (V x ), B z , B y , B x , plasma pressure, and filtered horizontal Pi 2 power from three IGS stations.
of the plasma sheet boundary layer [Angelopoulos et al., 1992a [Angelopoulos et al., , 1994 . However, the high plasma beta, relative small value ($0.1-0.2) of ðṼ ÁBÞ=ðjṼ j Á jBjÞ, and neutral line signatures for most of the events suggest that the flows were probably convective and indicative of reconnection closer to the Earth than the spacecraft.
Earthward Flow Accompanying Pi 2 Pulsation Bursts
[38] Figure 6 presents two examples of Pi 2 burst events associated with earthward flow. In the upper panel, a very fast earthward flow begins at the same time as the Pi 2 on the ground. In the bottom panel, there are at least three Pi 2 bursts starting at 0439, 0502, and 0518 UT. The separation between bursts is of order 15 min, a typical time separation when multiple Pi 2 bursts are present [Kisabeth and Rostoker, 1971; Weins and Rostoker, 1975] . The last two pulsation bursts each appear to be associated with a corresponding burst of earthward flow. The plasma beta for these examples was about or above 1.0 except for the 0439 Pi 2 event. All of the flow events are associated with enhanced northward B z . The event in the upper panel has been extensively studied by Sergeev et al. [1995] . They interpreted this event as a consequence of localized reconnection and attributed this earthward flow to tailward motion of an X-line. The high plasma beta and strongly northward B z indicate that these are also convective flows and therefore manifestation of reconnection close to the spacecraft.
[39] If the interpretation of Pi 2 generation due to plasma flow burst is correct, we can then expect some correlation between flow bursts and Pi 2 in statistical studies. The quasiperiodic repetition of Pi 2 bursts is often seen in the ground Pi 2 data, and it is seen in plasma flow data when the spacecraft is close to the neutral sheet. This is an important signature and will be discussed later when discussing plasma flow associated with IGS Pi 2.
A Statistical Study of the Relation Between Plasma Flows and Pi 2 Pulsations
[40] In this section, we use all of our events to examine the relation between plasma flows in the plasma sheet and Pi 2 pulsations on the ground. We will demonstrate that Figure 5 . Two examples of tailward flow bursts with negative B z . In every panel, the vertical line indicates the onset of Pi 2 pulsations seen in the ground observations. In the upper three panels, there are two identified Pi 2 pulsation bursts at 0951 and 0958. The first one is apparently associated with strong tailward flows and with significant negative B z . The second one has a somewhat weaker flow. The bottom three panels show another tailward flow example. flow bursts have occurrence statistics similar to Pi 2 pulsations, that bursty bulk flows are associated with enhancements in Pi 2 signal power, and that Pi 2 burst onsets are correlated with subsequent increases in ion flow velocity.
Superposition of Plasma Flow Based on Pi 2
[41] If Pi 2 pulsations are generated by flow bursts as some recent studies suggest [Kepko and Kivelson, 1999; Kepko et al., 2001; Shiokawa et al., 1998b] , we ought to see some flow enhancement at Pi 2 onsets. However, as we have found, the probability of detecting plasma flow bursts declines away from the center of plasma sheet. Thus to maximize the possibility of observing this association, we use only the Pi 2 events that occurred while ISEE-2 was within the putative X-line region. In our database, only 48 substorm onsets satisfied this requirement. For these 48 substorm onsets, 114 Pi 2 bursts were observed because of the tendency to observe more than one Pi 2 during a single substorm. In Figure 7 , we have superposed the plasma flow velocity for each of these Pi 2 pulsation events using the start of the pulsations as epoch zero. The upper panel displays the x-component of the flow velocity for all 114 events. In several cases, the same trace appears twice with different time offsets. Earthward flow bursts are more common than tailward flow bursts, but both are associated with Pi 2 pulsations. In the bottom panel, we have plotted the normalized probability of observing tailward or earthward flow with magnitude |V x | > 100 km/s based on the data points available in each 1-min time bin. The normalized probability of observing tailward flows significantly above the noise level is defined as the following:
Pðtailward flowÞ ith time bin ¼ no: of data point with V x < À100 km=s total of data points with tailward flow in ith time bin
The normalized probability of observing earthward flow is the same except the sign is reversed for earthward flow, i.e., V x > 100 km/s. Lines corresponding to a 10% probability are plotted for reference. It is evident that both earthward and tailward flow bursts are associated with Pi 2 onsets. The probability of observing a flow in one or the other directions reaches about 50% within about 20 min after the beginning of the Pi 2 burst. Generally, flows seem to follow the pulsations as would be expected if the flow observations at the spacecraft were delayed relative to their actual onset. The results suggest that plasma flow bursts are closely associated with Pi 2 pulsation activity. It is evident that the probability of flow bursts increases after the onset of the Pi 2 burst and reaches a peak value of about 40% when both directions of flow are taken into account. Thus our results strongly suggest that enhancements of plasma flow are the cause of Pi 2 pulsations.
Statistics of Multiple Pi 2 Bursts During Substorms
[42] If the relation between Pi 2 bursts and plasma flow bursts is causal, and the source of flow bursts is reconnection, then the occurrence of Pi 2 bursts provides important information about reconnection in the tail. First, most substorms have multiple Pi 2 bursts as already demonstrated in some examples discussed in this paper. We use our entire list of substorm associated Pi 2's to examine the statistical pattern. Results of a statistical examination of the relation of Pi 2 bursts to substorms are shown in Figure 8 . The top left panel presents a histogram of the number of Pi 2 events identified in a single substorm. The plot combines data from both the IGS and AFGL chains. Two Pi 2 bursts per substorm is the most common situation, but some substorms have more than six Pi 2 bursts. The upper right panel in Figure 8 shows the probability that we designated a given Pi 2 burst as the main onset. The first Pi 2 is most likely to be the main onset, but more than 40% of all substorms have main onsets corresponding to later Pi 2 bursts in the sequence. By definition, this 40% of all substorms begin with a pseudo-breakup. This rate of occurrence of pseudobreakups is consistent with the study made by Nakamura et al. [1994] . Such a high rate of occurrence implies that pseudo-breakup, and the multiple intensifications after breakup, must be accounted for in any substorm theory. The bottom panel of Figure 8 shows the probability of observing a Pi 2 burst as a function of time relative to the Figure 7 . Superposition of plasma flow observations relative to Pi 2 onsets. In this study, every single Pi 2 was used because we want to examine whether plasma flows are correlated with the pulsations. The upper panel is the superposition of the traces for every plasma flow event. The bottom panel shows the normalized probability for earthward or tailward flows. A 10% line has been added for reference. The normalized probability is defined in equation (1). instant designated as the main substorm onset. Pi 2 bursts are seen for at least 90 min before and after the main onset. The probability of observation of Pi 2 increases continuously to 1.0 at substorm onset and then decreases thereafter. Note that by our definition of main onset the probability of observing a Pi 2 at substorm onset is 1.0. They are more common in the expansion and recovery phases than in the growth phase.
[43] The distribution of time separations between successive Pi 2 bursts is plotted in Figure 9 . The first panel presents a histogram of the time between the first and second Pi 2 burst. The second panel presents the time between the second and third bursts. The third panel shows the separation of all remaining bursts. The average time delay between consecutive Pi 2 bursts is about 20 min, but the most probable delay is $15 min. These results are nearly identical to those found by Rostoker [1968] who obtained virtually the same distribution of delays between the first and second Pi 2 of a substorm with a peak at 15 min.
Quasiperiodic Appearance of Pi 2 and Flow Bursts
[44] An apparent recurrence period for Pi 2 and bursty flows of about 15 min was suggested by the multiple events in Figures 4, 5 , and 6. To determine whether this is a typical time separation, we calculated the distribution of times between all Pi 2 onsets in a single substorm (defined as events with separations less than 1 hour). The results were shown in Figure 9 . For the entire data set, the most probable separation of Pi 2 onsets is 15 min with a mean separation of 21 min. For the plasma flow data, we used a list of 1978-1979 bursty bulk flow events [Angelopoulos et al., 1994] . The results for BBFs are plotted in Figure 10 . For BBFs, the most probable separation time is 25 min with a mean of 34 min. The mean values and shapes of these two distributions are relatively close. Yet there is still about 10 min between Figure 8 . Statistics of the Pi 2 occurrence during substorms. their means. After referring to the definition of BBF [Angelopoulos et al., 1992a [Angelopoulos et al., , 1994 , we believe this difference is likely a consequence of the BBF event selection criterion. Only events whose time separation was longer than 10 min were accepted as discrete BBFs. Another possible explanation is the spatial extent of acceleration region. If the size of the flow channel is very narrow as suggested by some studies Ohtani et al., 1992] , it is possible that the satellite may not be able to identify one burst in a sequence of bursts thus increasing the apparent separation of observed bursts. While these two distributions are somewhat different in their characteristics, they show an apparent recurrence feature which may be an important clue to establishing the relation between plasma flow bursts and Pi 2 pulsations. It would be better to define individual peaks in the plasma flow than intervals containing these peaks.
Relation Between Pi 2 and Plasma Flow Bursts
[45] In an attempt to understand the role of Pi 2 pulsations in the substorm process, we examined a few specific examples of the association of plasma flows and Pi 2 activity. They are nearly simultaneous suggesting a causal relationship. Since Pi 2 pulsations are associated with both earthward flows and tailward flows, it is highly probable that the flow bursts, and hence Pi 2, are caused by transient reconnection. It is also probable that the flow bursts are localized close to the center of the tail. If this is the case, it could explain why not all substorms observed in the plasma sheet are accompanied by flow bursts. As a matter of fact, localized reconnection region has been suggested by some recent studies which suggest that the dimension of the acceleration region is only a few R e Lin et al., 1991; Nakamura et al., 2004; .
[46] In the present study, we found that nearly 60% of the events in this putative X-line region have fast plasma flows. However, once the spacecraft gets out of this region, the chance of observing plasma flow declines significantly. Thus one should be careful in interpreting the satellite observations at substorm onset because the location of the satellite is as important parameter as the onset time of the expansion phase.
[47] Our observation that some Pi 2 bursts are associated with tailward flow bursts with southward magnetic field at the ISEE-2 spacecraft suggests that the process responsible for the flow bursts and the pulsations is magnetic reconnection. This may suggest that ISEE-2 was close to the reconnection site in the tail. Localization of the x-line in local time forms a natural explanation for the finite width of the flow channel generating the Pi 2 pulsations. Later flow bursts are almost always earthward, with flows in the recovery phase being of somewhat longer duration than those seen earlier.
Discussion and Conclusions
[48] One conclusion of our study of substorms in the tail is that the orbit of ISEE and similar spacecraft with elliptical orbits inclined as was ISEE are not well suited to substorm studies in the tail. The biggest problem with this orbit is that thinning of the plasma sheet often leaves the spacecraft in the tail lobe before substorm onset, so it is not possible to Figure 9 . Distribution of time separations between isolated Pi 2 bursts in a single substorm. Figure 10 . Distribution of time separation between consecutive BBF [Angelopoulos et al., 1992a [Angelopoulos et al., , 1994 . study the field and flows associated with the onset. Another problem is that the gradual changes in the location of the neutral sheet relative to the satellite orbit as the seasons progress bias most attempts to determine the spatial distribution of various signatures such as plasma sheet dropout.
[49] Despite these problems, we did find a number of onsets after which the spacecraft remained in the plasma sheet close to the neutral sheet and did observe flows. We showed that the expected signatures of magnetic reconnection in the plasma sheet (earthward flow with northward field or tailward flow with southward field) are almost always associated with Pi 2 pulsation bursts in the midnight sector at midlatitude ground stations. This is consistent with previous individual case studies [e.g., Kepko and Kivelson, 1999; Kepko et al., 2001] . However, the inverse relation is not observed or expected since reconnection is likely to produce narrow flow channels which may not include the spacecraft measuring the flow. In studying this association, we found that most substorms contain more than one Pi 2 burst suggesting that there are several discrete reconnection events in each substorm. To examine this possibility in greater detail, we constructed a list of all sharp AL onsets that occurred during the ISEE tail passes of 1978 and 1979. To refine this list, we used two arrays of ground magnetometers in Europe (IGS) and in North America (AFGL) to time the onset of Pi 2 pulsation bursts. Since the probability of detection of Pi 2 is highest when the stations are near midnight, we are only able to refine AL onsets in two, approximately 4-hour intervals of universal time. For these intervals, we are generally able to find a Pi 2 burst within $10 min of each AL onset. We use the start time of this associated Pi 2 as the ''main onset'' of the substorm. We then associated the remaining Pi 2 bursts with the growth or recovery phase of this substorm or with an adjacent substorm. Usually this association is obvious as the mean separation of Pi 2 bursts is 20 min and the typical number of Pi 2 bursts per substorm is about three. In disturbed times, it is difficult to identify AL onsets and the beginning or end of substorms. In these cases, we may occasionally associate a Pi 2 with the wrong substorm. However, most of the AL onsets in our list are isolated, so the association is unambiguous. We therefore feel that the statistics shown in our distributions are not unduly biased and represent the general behavior of Pi 2 pulsations during substorms.
[50] Our results show that flow bursts in the tail generally follow a Pi 2 onset on the ground. Furthermore, only $23% of substorms exhibit a single Pi 2 burst. Two bursts per substorm is the most probable number with the average per substorm being 2.7. However, many bursts per substorm are uncommon; for example, six bursts in a single substorm occurs less than 3% of the time. The distribution of waiting times between Pi 2 bursts is peaked at 10-15 min with 20 min being the average of the asymmetrical distribution. The main onset of a substorm is associated with the first Pi 2 burst about half the time, and with the second Pi 2 about 25% of the time. Pi 2 bursts that precede the main onset are by definition ''pseudo-breakups.'' Those that follow the main onset are called ''intensifications.'' The distribution of Pi 2 occurrence relative to the main onset shows a probability of one at onset (by definition). This probability decreases both before and after the main onset with more intensifications than there are pseudo-breakups. We also used a list of ISEE-2 BBFs to determine the waiting time distribution between bursts. This distribution has a shape similar to that of Pi 2 pulsations, but with a somewhat longer mean delay. We suspect that this difference is a result of the differing definitions of Pi 2 burst and BBF. The similarity of the shapes of the distributions suggests that the two phenomena are related as is also suggested by their close association in time. Earlier Pi 2 bursts are more frequently associated with tailward flows than later bursts.
[51] These results suggest that reconnection in the tail is transient and localized. They also imply that reconnection begins close to the Earth and moves outward with time. This motion is likely to be in discrete steps rather than continuous since often the flow associated with later bursts is opposite to that of earlier bursts. Our results also suggest that the onset of major reconnection events in a substorm is an infrequent occurrence. This is not to say that there is no internal structure to a single reconnection event, but it is not easily detected in terms of bursty bulk flows or Pi 2 pulsations.
[52] During the growth phase of a substorm, there are two possible locations of reconnection in the tail. One is the distant x-line where open field lines reconnect across the separatrices that define the boundary of the plasma sheet. Reconnection bursts here are almost certainly the cause of poleward boundary intensifications (PBI) seen in the aurora [Rostoker, 2002; Zesta et al., 2000] . The second location is in the near-Earth region at the center of the plasma sheet. Here there are two possibilities. The first is that the event does not progress all the way to the open field lines of the tail lobe. In this case, a burst of reconnection will produce a flux rope within the plasma sheet. This flux rope may be driven earthward if a subsequent event starts tailward of the first, or tailward if the second event is earthward. The second possibility is that the event works its way through the plasma sheet and involves the tail lobes. In this case, a segment of the plasma sheet corresponding to the cross-tail width of the reconnection event is ejected down the tail. Later Pi 2 may involve reconnection in a different local time meridian, or a reformation of the x-line further down the tail in the same meridian.
[53] Reconnection events that begin close to the Earth will produce flows that impact the inner magnetosphere within 1 -2 min depending on the initial location and speed of the outflow. This time is too short for effects of the earthward flow to be captured in currently available auroral images in contrast to events occurring at a more distant xline (PBI). However, the pile-up of this flow does cause field-aligned currents and particle precipitation which create aurora.
[54] We speculate that a pseudo-breakup is a reconnection event that is quenched before it reaches the tail lobe or after it reaches the lobe. There is no known reason why this should happen. Similarly we speculate that the main onset is the first event that reconnects all the closed flux in the plasma sheet and reaches the tail lobes. Subsequent intensifications are likely to be reactivations of an existing x-line that has reached the lobes at greater distance down the tail. As the x-line gets further from the Earth, there is sufficient time for the field-aligned current system associated with its earthward flow channel to create a north-south auroral streamer and the event is identified as a PBI. It is possible that some reconnection events in the plasma sheet do not create flows that reach the inner magnetosphere and therefore do not generate Pi 2 pulsation bursts. Such events might cause auroral effects and could account for localized activations of the aurora without accompanying Pi 2 pulsations.
[55] In conclusion, Pi 2 pulsations provide considerable insight into the dynamics of the plasma sheet during disturbed times. They provide a reasonably accurate means for timing substorm onset (1 -2 min accuracy). They are indicators of sudden events in the tail most likely associated with reconnection. In the future, it may be possible to localize these events in local time using the central meridian of the magnetic disturbance associated with each pulsation burst. Possibly the period of the waves can give some information about the radial distance of the event causing them. In our case, we have used these bursts to show that most substorms are made up of multiple small events separated by a characteristic time of 20 min.
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